The adsorption of benzene, thiophene, and pyridine on the ͑111͒ surface of gold and copper have been studied using density functional theory ͑DFT͒. Adsorption geometries and energies as well as the nature of bonding have been analyzed and compared to experimental results. Dispersion effects between neighboring molecules and between molecules and the surface have been taken into account via a semiempirical C 6 R −6 approach. The C 6 coefficients for metal atoms have been deduced using both atomic properties and a hybrid QM:QM approach. Whereas the pure DFT calculations underestimate the adsorption energies significantly, a good agreement with experimental results is obtained using the DFT-D method based on the QM:QM hybrid approach.
I. INTRODUCTION
In recent years, significant progress has been made in the field of organic and molecular electronics based on organic layers deposited on inorganic substrates. 1 For example, optoelectronic devices, built on the basis of -conjugated molecules, reached the market. 2 In order to further improve or modify their properties, a thorough understanding of the interface between the substrate and the organic layer is crucial. 3 Simple and therefore well-studied aromates such as benzene, thiophene, or pyridine often serve as molecular building blocks for larger molecules used in organic electronics 4 or host-guest networks. [5] [6] [7] The adsorption of these molecules on several noble metal surfaces has been studied in detail both experimentally and computationally. Experiments have shown that benzene interacts weakly with ͑111͒ surfaces of noble metals. [8] [9] [10] It adsorbs in a flat-lying manner and forms ordered ͑3 ϫ 3͒ overlayers. 11 Heteroaromates, such as thiophene or pyridine, were found to undergo a potential or coverage driven phase transition when they are adsorbed on noble metal ͑111͒ surfaces from solution [12] [13] [14] [15] [16] [17] or under high vacuum conditions: [18] [19] [20] [21] [22] [23] in the low coverage regime the heteroaromate adopts a flat-lying conformation, while upon increasing the coverage a tilted or vertical orientation was observed. Among other overlayer structures, [24] [25] [26] a ͑3 ϫ 3͒ unit cell for the low coverage phase and a ͑ ͱ 3 ϫ ͱ 3͒R30°unit cell for the high coverage phase have been reported. 12, 21 Calculations of such systems based on density functional theory ͑DFT͒ reveal significant discrepancies with experiments, in particular concerning adsorption energies. [27] [28] [29] The largest portion of these discrepancies is most likely due to the lack of DFT methods to correctly account for dispersion effects. Thus, the application of dispersion corrections in DFT adsorption studies of organic molecules on various substrates has recently gotten in the focus of interest. The inclusion of dispersion effects in DFT has been realized by different approaches. For example, it was suggested to adjust effective core potentials in order to model dispersive forces via the atom-electron interactions. 30 A second approach modifies the density functionals themselves in an empirical fashion to get a better description of noncovalent interaction, as done in the work of Truhlar et al. 31 A nonlocal functional was proposed by Langreth, Lundqvist, and co-workers. 32 This functional has been successfully applied to the adsorption of molecules on metal surfaces. 33, 34 However, this rather expensive method stays restricted to smaller systems.
Furthermore, there is a semiempirical DFT-D approach that adds a C 6 R −6 -type correction to the Kohn-Sham Hamiltonian. This concept is pursued by many groups [35] [36] [37] [38] [39] [40] [41] [42] [43] with different ways to calculate the C 6 coefficients and therefore different degrees of empiricism. The DFT-D approach with C 6 parameters derived from atomic properties has been used for adsorption phenomena such as the adsorption of adenine on graphite. 44 In addition, examples for the application to the adsorption of molecules on metal surfaces exist. 34, 45 Three different semiempirical dispersion correction schemes were applied to the adsorption of azobenzene at coinage metal surfaces, 46 yielding the same qualitative, but rather different quantitative results. Recently, C 6 parameters for adsorption phenomena on metal surfaces have also been obtained by first deriving the C 3 coefficient appearing in the z −3 interaction between a molecule and a surface and then fitting this to the same interaction expressed as a sum of pairwise van der Waals terms. 48 Another way to derive the parameters of the C 6 R −6 -type correction is given by a hybrid QM:QM approach. [49] [50] [51] In this method, the dispersion energy is approximated as the difference between the adsorption energies according to ab initio quantum chemical and DFT calculation for finite portions of the adsorbate-substrate complex.
Considering the variety of different flavors of DFT-D approaches, in particular as far as the choice of the C 6 parameters are concerned, there is certainly a need to validate the accuracy and transferability of the different methods. In this study, we apply the semiempirical DFT-D approach to the adsorption of small aromates on noble metal surfaces with the C 6 parameters deduced from atomic properties 36, 37 as well as from a hybrid QM:QM approach. [49] [50] [51] We mainly focus on the adsorption of thiophene on Au͑111͒ because of the outstanding role thiophene and its derivatives play in the field of molecular electronics, but the adsorption of benzene and pyridine on Au͑111͒ and Cu͑111͒ and thiophene on Cu͑111͒ are included in this work in order to derive chemical trends among the small aromatic molecules.
II. METHODS

A. Density functional theory calculations
Periodic DFT calculations have been performed using the Vienna ab initio simulation package ͑VASP͒.
52,53
Electron-electron exchange and correlation interactions have been described within the generalized gradient approximation ͑GGA͒ by employing the Perdew, Burke, and Ernzerhof ͑PBE͒ functional. 54 In order to account for electron-ion interactions, the projector augmented wave method 55, 56 has been used. The electronic one-particle wave functions were expanded in a plane wave basis setup to an energy cutoff of 400 eV. The metal surfaces were modeled by a slab consisting of five atomic layers that were separated by a vacuum region of 25 Å. The geometry of the adsorption complex was optimized by relaxing all atoms of the adsorbate and the metal atoms of two uppermost layers of the surface. The layer spacing of the lower layers were taken from the theoretical lattice parameters calculated for bulk copper ͑3.636 Å͒ and gold ͑4.171 Å͒. The adsorption of aromates at a low coverage has been modeled by a ͑3 ϫ 3͒ overlayer structure whereas the adsorption at high coverages has been realized by a ͑ ͱ 3 ϫ ͱ 3͒R30°overlayer structure. 4 ϫ 4 ϫ 1 and 9 ϫ 9 ϫ 1 Monkhorst-Pack k point meshes, respectively, with a Methfessel-Paxton smearing of 0.1 eV were used for the integration over the first Brillouin zone. Isolated molecules in the gas phase were treated employing a large cell ͑20 Å ϫ 21 Å ϫ 22 Å͒, the ⌫-point only and a Gaussian smearing of 0.1 eV.
The adsorption energy has been defined as
where E tot , E surf , and E mol are the total energy of the relaxed adsorption complex, the energy of the clean surface, and the energy of the isolated molecule, respectively.
B. Corrections for dispersion effects
In order to take dispersion effects into account that are missing in current DFT-functionals we followed the DFT-D approach. 36, 37 Thus, the total energy is given by
where E DFT is the energy obtained from the DFT calculation and E disp is an dispersion correction containing the C 6 R −6
dependency. We determined E disp as suggested by Grimme 36 ,37
The damping function f damp , the scaling factor s 6 , and the atomic C 6 ii coefficients for nonmetals needed to calculate the dispersion coefficients for mixed atom pairs C 6 ij = ͱ C 6
ii C 6 jj were taken without any further modification from Ref. 37 . Whereas the DFT-D approach is known to yield satisfactory results for molecules containing no metal atoms, 37 there is still a debate going on about the proper DFT-D treatment of metal atoms. 42, 43 In order to get the atomic C 6 ii coefficients for metals, we have applied two different approaches. In a first approximation, that we will further refer to as the "Grimme method," we calculated the C 6 coefficients for metal atoms in surfaces from atomic properties in the manner Grimme did it for metal-ion containing complexes. 36, 37 Being well aware that this simplification might fail, it should serve as a reference for comparison.
The second approach, further called "hybrid method," follows the hybrid QM:QM method that was suggested by Tuma and Sauer 50 and applied to metal surfaces by Hu et al. 51 Accordingly, we did both MP2 and DFT-PBE single point energy calculations of the adsorption of aromates on small metal clusters. The dispersion energy was approximated as the difference between the adsorption energy of the MP2 calculation and the adsorption energy of the DFT-PBE calculation. Using this simplification, the C 6 coefficients of the metal atoms could be obtained by a least-squares fitting of the expression to this energy difference. We are well aware that the description of metal clusters using MP2 is problematic because of the large number of electronic states close to the gap between the highest occupied molecular orbital ͑HOMO͒ and the lowest unoccupied molecular orbital ͑LUMO͒ that cause a slow convergence of the perturbation expansion. Therefore, for smaller clusters with up to six metal atoms we also performed MP3, MP4 and coupled cluster calculations at the CCSD and CCSD͑T͒ level to check the suitability of the MP2 calculations. For larger metal cluster sizes, unfortunately the coupled cluster calculations become prohibitively expensive.
The calculations of the aromate-metal cluster complexes were performed using the GAUSSIAN 03 code. 57 Different effective core potentials for the metal atoms have been used. [58] [59] [60] [61] For the atoms of the adsorbate Dunning's correlation consistent basis sets 62, 63 or Pople's 6-31G ͑Refs. 64-68͒ and 6-311G ͑Refs. 69 and 70͒ basis sets were employed. To account for the basis set superposition error the counterpoise method was applied. 71 The term "adsorption energy" might be misleading in conjunction with interactions between aromates and very small clusters. In the course of this article, this energy is also simply called "interaction energy" and has been defined in an analogous way as the adsorption energy ͓see Eq. ͑1͔͒.
Using the C 6 coefficients obtained by the two different methods we added the dispersion correction to the energy of periodic structures in an a posteori fashion, i.e., the geom-etries were not optimized in a self-consistent way. For the molecular configuration, we expect little changes of the optimum geometry including dispersion effects while the change of the energy minimum distance from the surface was determined by mapping out the corresponding potential curves. However, we are currently implementing the dispersion correction including forces into the periodic plane wave code so that a self-consistent structure optimization with dispersion corrections becomes possible.
We furthermore note that we have used a constant C 6 coefficient for all atoms of the same element, i.e., we have not taken into account any screening effects of the metal into the dispersion corrections, as recently discussed. 46 All five metal layers representing the ͑111͒ surface in the DFTcalculation were taken into account for the evaluation of the dispersion energy. Test calculations showed that the dispersion energy between, e.g., a thiophene and a Au͑111͒ surface that are separated by 2.5 Å increases by less than 1.5 meV ͑2.5 meV͒ for the C 6 coefficient deduced from the QM:QM hybrid approach ͑Grimme approach͒ when an additional sixth Au layer is included. As far as lateral dimensions are concerned, the summation was done over all atoms within a sphere with a radius corresponding to nine surface unit cells. Increasing this radius to ten unit cells leads to changes of only 2.6ϫ 10 −3 meV ͑4.3ϫ 10 −3 meV͒.
III. RESULTS
A. Aromates in the gas phase
The optimized bond lengths and angles of benzene, pyridine and thiophene in the gas phase obtained from the DFT calculations are in good agreement with experimental values: 72, 73 the maximal error in the bond lengths is 1.52% and in the bond angles it is 0.72%. The calculated dipole moments of thiophene ͑0.45 D͒ and pyridine ͑2.22 D͒ are close to experimental values as well. 74, 75 In order to model the chemical nature of the adsorption processes correctly, the quality of the DFT description concerning the electronic properties of the isolated molecules is vitally important. Approximating the Kohn-Sham eigenvalues as ionization energies and comparing them to experimental ionization potentials obtained from photoelectron spectroscopy 76, 77 shows that the eigenvalues underestimate the ionization energies by 3-4 eV which is a well-known problem of DFT calculations. Thus charge transfer from these molecules to, e.g., surfaces might be overestimated.
In the case of benzene and thiophene, the ordering of the molecular orbitals obtained by DFT calculations is consistent with experimental results. As far as pyridine is concerned, DFT calculations and photoelectron spectroscopy are at variance with each other with respect to the order of the two highest occupied molecular orbitals: PBE-DFT predicts the 11a 1 ͑n͒ orbital to be the HOMO and the 1a 2 ͑͒ orbital to be 0.8 eV lower in energy, while results from photoelectron spectroscopy report the 1a 2 ͑͒ orbital to be 0.15 eV higher in energy than the 11a 1 ͑n͒ orbital. 77 The hybrid functional B3LYP yields the same wrong ordering of the electronic states of pyridine close to the HOMO. 78 Although the energy difference between the two orbitals is relatively small, the underestimation of the 1a 2 ͑͒ orbital might slightly influence the orientation of the molecule on the surface.
B. Adsorption on Au"111…-pure DFT calculations without dispersion corrections
Adsorption geometry and energy
According to our PBE-DFT calculations, in the ͑3 ϫ 3͒ overlayer structure thiophene adsorbs in a nearly flat manner with an adsorption energy of Ϫ0.09 eV. In this configuration, there is an angle between the molecular axis of the thiophene and the surface plane of 7.6°with the S-atom pointing toward the surface ͓see Fig. 1͑c͔͒ . The distance between the surface and the S-atom amounts to 3.4 Å. This flat-lying orientation is 40 meV more stable than the vertical one. At the most stable adsorption site the S-atom is located over a top position. Lateral translation leads to adsorption sites that are at most 40 meV higher in energy. Upon adsorption, the intermolecular bond lengths and angles of the thiophene molecule change less than 0.4% with respect to the corresponding values in the gas phase. The orientation of the molecule on the surface determined with DFT-PBE is consistent with experimental results at low coverage. However, experimental adsorption energies lie between Ϫ0.57 eV ͑Ref. 21͒ and Ϫ0.68 eV, 20 its absolute value is thus much higher than the calculated one.
At high coverage, experiments indicate that thiophene adsorbs in a ͑ ͱ 3 ϫ ͱ 3͒R30°overlayer structure with FIG. 1. Adsorption of ͑a͒ benzene, ͑b͒ pyridine, and ͑c͒ thiophene on Au͑111͒. The contour plot illustrates the charge density difference upon adsorption of the molecules. The minimum and maximum charge density difference is given in e / Å 3 . The spacing between the contour lines is 0.001 e / Å 3 .
thiophene molecules standing upright. 12, 21 In contrast to these findings no exothermic adsorption in such a densely packed monolayer was found by DFT-calculations ͑E ad = +0.056 eV͒.
In agreement with previous theoretical studies, 28 pyridine was found to adsorb on Au͑111͒ in a vertically oriented manner situated over a top position with the nitrogen atom bound to Au. In a ͑3 ϫ 3͒ overlayer structure the vertical orientation has an adsorption energy of Ϫ0.28 eV and is about 0.22 eV more stable than the flat orientation. Among the flat-lying configurations of the adsorbed pyridine the most stable adsorption site is found for the N-atom again located over a top position. However, there is little corrugation as far as the location of the ring center is concerned: the energies vary by at most ⌬E ad = 2 meV. As already shown by Bilić et al., 28 varying the angle between the symmetry axis of pyridine and the Au surface from 0°to 20°only leads to minor changes in the adsorption energy. We have chosen an optimized adsorption geometry with an Au-N-distance of 3.5 Å and a tilting angle of 10°to model the adsorption of flatlying pyridine. The changes in intermolecular bond lengths and angles relative to the pyridine in the gas phase are very small. In contrast to these calculational results at low coverages, the flat orientation was found to be the stable one in experiments. 17 As far as the adsorption of benzene on Au͑111͒ is concerned, we found that the most stable adsorption site is a threefold hollow position for the ring center of benzene ͓see Fig. 1͑a͔͒ , again in agreement with calculations by Bilić et al. 27 However, our calculated adsorption energy of Ϫ0.03 eV is 0.05 eV smaller in its absolute value than the adsorption energy reported by Bilić et al. This discrepancy might be explained by the fact that we use more k-points to sample the irreducible Brillouin zone. The equilibrium distance from the surface is calculated to be 3.6 Å in contrast to 3.5 Å obtained by Bilić et al. 27 Changes in the molecular binding geometry of benzene upon adsorption are negligible ͑Ͻ0.05%͒. Our calculations confirm the experimentally determined flat adsorption geometry but underestimate the measured adsorption energy of Ϫ0.63 eV. 10 The small adsorption energies, large distances from the surfaces and small changes in the bond lengths and angles compared to the molecules in the gas phase found in our calculations indicate that there is only a weak interaction taking place between the aromatic molecules and the metal surface. In order to get a deeper insight into the bonding situation, the next section will describe the electronic properties of the adsorption complex.
Electronic properties
In addition to the adsorption geometries, Fig. 1 shows contour maps of the adsorption induced electronic charge density difference for benzene, pyridine and thiophene on Au͑111͒. Apparently, upon adsorption the electronic density is redistributed from the -to the ‫ء‬ -orbitals of the aromate. In the case of benzene and pyridine the charge density is only slightly increased in the region between the adsorbate and the substrate. The charge redistribution is mainly localized at the molecule and at the surface. In contrast to benzene and pyridine, the major changes in electronic density due to the adsorption of thiophene take place in the region between the thiophene and the Au surface indicating that there is a contribution from covalent binding. However, in accordance with the small adsorption energy, the value of the charge density difference in this region is rather small, above all, compared to values for strongly adsorbed molecules such as methylthiolate with values of the charge density difference ranging from Ϫ0.20 to +0.08 e / Å 3 ͑Ref. 80͒. As pyridine has a rather strong dipole moment of 2.22 D ͑see Sec. III A͒, there might be also dipole-dipole forces contributing to the adsorption. The inset of Fig. 2 shows a twodimensional ͑2D͒ cut through the total electronic density of pyridine adsorbed on Au͑111͒. The cut is chosen to be perpendicular to the molecular plane and contains the symmetry axis of the molecule. Charge accumulates at the nitrogen atom revealing the dipole property of pyridine. Beneath, the average of the electronic charge density difference in the xz-plane in the region of the Au surface along the C 2 symmetry axis of pyridine is shown. The enhanced charge at the surface is not distributed evenly. In the region beneath the N-atom less charge density can be found, whereas in the region beneath the other end of the molecule charge accumulates. Hence, pyridine induces a dipole in the surface, but looking at numbers shows that this is also only a weak effect.
The tiny changes in the charge density redistribution go along with the small adsorption energies and large distances from the substrate. However, experimental measured adsorption energies are an order of magnitude larger. This discrepancy between calculations and experiments is most likely due to the dispersion effects missing in DFT-PBE. Section III C focuses on including dispersion effects in the DFTcalculations. 
C. Corrections for dispersion effects
C 6 coefficients for metals
As mentioned above, we have determined the C 6 coefficients for Cu and Au both in the Grimme approach 37 and using a hybrid QM:QM method. 50, 51 In the Grimme approach, the C 6 coefficients of elements are obtained, employing a simplified London formula with atomic ionization potentials and static dipole polarizabilities from DFT/PBE0 calculations. According to the original ansatz of Grimme, 37 the C 6 parameters of transition metal atoms can be obtained as a simple average of the C 6 parameters of the preceeding rare gas atom and the following group III element, but for comparison, we also calculated them explicitly.
In order to deduce C 6 coefficients for metal atoms via the hybrid approach, the adsorption of thiophene on Au and Cu in a flat-lying orientation was chosen as a model system. Single-point MP2 and DFT-PBE calculations of thiophene on small metal clusters were done. The structures of the metal clusters were taken from optimized metal substrate geometries obtained by periodic DFT-PBE calculations of the adsorption of the aromate on the extended ͑111͒ surface. The cluster geometry was kept fixed, and the spin was restricted to the singlet state to mimic the metallic nature of the extended substrates. For a given number of metal atoms, there are different possibilities to cut metal clusters out of the extended substrate. The shapes of the clusters taken into consideration for the calculation of the metallic C 6 coefficients were chosen carefully, since for some arbitrarily cut cluster structures convergence problems arose or calculations of the adsorption complex and the pure cluster led to different electronic configurations of the metal.
To verify the suitability of MP2 for interactions of aromates with metal clusters, further post-Hartree-Fock methods ͓MP3, MP4, CCSD, and CCSD͑T͔͒ were applied to the adsorption of thiophene on small Au clusters using LANL2DZ effective core potential for all atoms ͓see Fig.  3͑a͔͒ . As expected, MP2 overestimates the interactions between the metal cluster and the aromate. However, the error of MP2 in the interaction energy with respect to CCSD with perturbatively included triple excitations ͑CCSD͑T͒͒ is in the range of the error of other methods ͑MP3, MP4, and CCSD͒, in some cases even smaller.
As these calculations were only done with a double-zeta basis set for the atoms of thiophene, the influence of the basis set on the overestimation of dispersion effects in the MP2 calculations needs to be studied. Model calculations of the interaction between a Au-dimer and thiophene were carried out using CCSD and MP2 and various Gaussian type basis sets ͓6-31G, 6-311G, 6-311G͑d,p͒, and 6-311G + ͑d,p͔͒. The calculations show that with an increasing basis set the difference between the interaction energy calculated with CCSD and the interaction energy calculated with MP2 increases. Going from a double to a triple valence basis set, the difference in the interaction energies increases from 6.9 to 9.9 meV.
Adding polarization functions has a huge impact and the difference between the CCSD and the MP2 calculations is further increased to 33.5 meV. By adding diffuse functions to the basis the difference between CCSD and MP2 is hardly influenced ͑increase of less than 2%͒. In total, using the 6-311G + ͑d,p͒ basis set, MP2 calculations overestimate the interaction energy of this system by 34.2 meV corresponding to 28% with respect to CCSD calculations. Since CCSD rather underestimates the interaction of thiophene with such small Au clusters compared to CCSD͑T͒, the error of 28% of MP2 might be seen as an upper limit.
In summary, these tests show that MP2 seems to be suitable for the description of the adsorption of thiophene on small Au clusters, in spite of the fact that it is in general not well-suited to describe metals. One has to keep in mind that finite metal clusters still have discrete energy levels and a HOMO-LUMO gap so that a perturbative approach is in principle possible. However, it should furthermore be borne in mind, that MP2 slightly overestimates dispersion effects.
Since we are interested in the reliable difference between MP2 and PBE calculations, the influence of the basis set on the interaction energies of these methods needs to be studied as well. A 2D Au cluster containing six Au atoms was em- FIG. 3. Interaction energy between thiophene and Au clusters. In ͑a͒, different post-Hartree-Fock methods were applied to the interaction of thiophene with various Au clusters. Here Au-x-y denotes a Au cluster where x atoms were taken from the uppermost layer and y atoms were taken from the second layer of the slab. The LANL2DZ effective core potential was used for all atoms. In ͑b͒, different basis sets for the atoms of thiophene were used for MP2 and DFT-PBE calculations of the interaction energy between thiophene and an Au 6-0 cluster. For the Au atoms the LANL2DZ effective core potential was used.
ployed for model calculations of the interaction between Au and thiophene. Figure 3͑b͒ shows that increasing the basis has hardly any influence on the PBE interaction energy. In contrast, the MP2 interaction energy increases drastically by going from double to triple valence basis functions and by adding polarization functions. Besides, Fig. 3͑b͒ shows that the augmentation of Dunning's correlation consistent basis set with diffuse functions has a strong influence on the interaction energy difference between MP2 and PBE and is therefore inevitable, at least for adsorption complexes with small metal clusters.
In Fig. 4 , the difference between the adsorption energy of a MP2 calculation and of a DFT-PBE calculation is plotted against the number of metal atoms in the cluster. A leastsquares fitting of the dispersion expression to this difference leads to C 6 coefficients of 220.2 eV Å 6 for Au and 63.8 eV Å 6 for Cu. The calculations for different basis sets and different effective core potentials in Fig. 4͑a͒ show that the adsorption energy difference depends to a larger extent on the basis set of the thiophene atoms than on the effective core potential and the basis set used for the Au atoms.
In Table II , the obtained values for the C 6 coefficients of metal atoms are compared to the values calculated via the Grimme approach. The C 6 parameters obtained as average of the C 6 parameters of the preceeding rare gas and the following group III elements differ by 56% ͑Cu͒ and 10% ͑Au͒ from the explicitly calculated C 6 parameters. An even stronger deviation of 75% ͑Cu͒ and 61% ͑Au͒ can be found for the C 6 coefficients deduced from the QM:QM hybrid approach. However, there is a good agreement between the C 6 parameter of Au deduced from the QM:QM hybrid approach and a recently published Au-C 6 value of 179.2 eV Å 6 calculated via a fitting to C 3 parameters appearing in the z −3 interaction between a molecule and a surface. 48 Interestingly enough, the C 6 parameters deduced from atomic properties compare rather well with C 6 parameters derived from a Lennard-Jones 6-12 potential ansatz to reproduce bulk metal properties. 81, 82 In this approach, the Lennard-Jones parameters reflect the total metal-metal interaction and not only the van der Waals interaction. This might be a first hint that the C 6 parameters for free metal atoms deduced from the Grimme approach are probably too large to be an adequate model for the C 6 parameters describing dispersion effects of atoms in metal surfaces. This will be confirmed in the next section where we will apply the DFT-D correction to the adsorption energies of the aromates using the different sets of calculated C 6 coefficients. Figure 5 shows the adsorption energy for thiophene on Au͑111͒ and Cu͑111͒ as a function of the metal-sulfur distance. DFT-D calculations were carried out using C 6 values for metals deduced from both the Grimme ansatz and the QM:QM hybrid approach. Due to dispersion effects the equilibrium distance of the interaction between thiophene and the Au surface is shifted from 3.4 to 2.88 Å for C 6 ͑Au͒ = 220 eV Å 6 and to 2.75 Å for C 6 ͑Au͒ = 615 eV Å 6 . With respect to the adsorption on Cu͑111͒ this distance decreases from 3 to 2.4 Å for both C 6 coefficients. Hence, the difference in the C 6 coefficients calculated via different methods does not influence the equilibrium distance markedly. However, it has a large impact on the adsorption energies. The DFT value of the adsorption energy for thiophene on Au͑111͒ is corrected from Ϫ0.09 to Ϫ0.73 eV ͑Ϫ1.24 eV͒ by adding dispersion effects with C 6 ͑Au͒ = 220 eV Å 6 ͑C 6 ͑Au͒ = 615 eV Å 6 ͒. A similar effect can be seen for the adsorption of thiophene on Cu͑111͒: the adsorption energy decreases from Ϫ0.07 to Ϫ0.61 eV for C 6 ͑Cu͒ =64 eV Å 6 and to Ϫ0.81 eV for C 6 ͑Cu͒ = 112 eV Å 6 . Comparisons to experiments show, that adding dispersion effects in a semiempirical fashion with the metal C 6 coefficients deduced from the QM:QM hybrid approach leads to adsorption energies that are in the range of the experimental measured values ͓Au: Ϫ0.57 eV ͑Ref. 21͒ and Ϫ0.68 eV ͑Ref. 20͒; Cu: Ϫ0.59 eV ͑Ref. 18͔͒. For the adsorption of thiophene on Cu͑111͒ not only the adsorption energy, but also the distance between the sulfur atom and the Cu surface was measured. Normal incidence x-ray standing wavefield absorption revealed a Cu-S separation of 2.62Ϯ 0.03 Å. 18 By near edge X-ray absorption fine structure ͑NEXAFS͒ experiments at the S K-edge, the distance was found to be 2.50Ϯ 0.02 Å. 83 Again there is a good agreement between the calculated and the measured value. FIG. 4 . Least-squares fitting of E disp ͑blue curve͒ to E ad ͑MP2͒ − E ad ͑PBE͒ ͑black curves͒ for thiophene adsorbing on ͑a͒ Au clusters and ͑b͒ Cu clusters. In ͑a͒ various effective core potentials for Au atoms and different basis sets for the atoms of the thiophene molecule are shown, while in ͑b͒ the LANL2TZ effective core potential was used for Cu atoms and the augmented correlation consistent basis set of Dunning ͑aug-cc-pVTZ͒ was used for the thiophene atoms. Connecting lines are just a guide to the eyes.
DFT-D results
Potential energy curves for other aromates on these surfaces are very similar. In Table I , adsorption energies are summarized. For all aromates and both substrates the adsorption energies calculated with the hybrid DFT-D approach compare well with experimental values from thermal desorption experiments as far as they are available.
Very recently, it was proposed to calculate the C 6 coefficients employing a new concept of fractional coordination numbers to interpolate between ab initio derived dispersion coefficients of atoms in different chemical environments. 38 Using this approach, we obtain C 6 values for Cu and Au of 104.6 and 189.6 eV Å 6 , respectively, in metallic environments. In particular the value for Au is rather close to our value obtained within the hybrid approach, the difference only amounts to 14%. For Cu, the difference is 63%, however, this leads to changes in the total adsorption energy of less than 0.2 eV, as Fig. 5͑b͒ illustrates, where the DFT-D results were obtained with a C 6 coefficient of 112 eV Å 6 . As dispersive interactions bring the aromates closer to the surface, there might also be changes in the electronic properties of the adsorption complex. Note that the inclusion of the dispersion corrections does not directly change the electronic structure but indirectly through the modified minimum energy adsorption geometry. Figure 6 shows a 2D cut through the charge density difference of the adsorption of ͑a͒ benzene, ͑b͒ pyridine, and ͑c͒ thiophene on Au͑111͒ at their equilibrium distances determined with DFT-D. Qualitatively, almost no differences can be seen when this 2D cut is compared to the contour plot of the corresponding charge density difference at the equilibrium distance obtained by the pure DFT calculation presented in Fig. 1 . However, the values of the maximal and minimal charge density difference clearly reveal that much more charge is shifted from the region close to the Au surface and the molecule to the region in between the two reactants, when the molecule comes closer to the surface. Hence, the contribution of covalent binding is increased for the adsorption of all three aromates on Au͑111͒, if dispersion effects are included. For the adsorption of pyridine on Au we have already seen in the pure DFT calculation, that there are also dipole-dipole interactions slightly contributing to the binding situation ͑see Sec. III B 2͒. In Fig. 2 , the influence of the smaller adsorption distance derived by the DFT-D calculation on the dipole moment induced in the surface is plotted: compared to the adsorption distance derived by pure DFT calculations, the gradient between the charge density differences beneath the H-and the N-atom is steeper and therefore a larger dipole moment is induced in the surface and the dipole-dipole interactions are enhanced.
So far we have seen that adding dispersive interactions leads to significant changes compared to pure DFT calculations. Furthermore we want to know whether this DFT-D approach is also helpful, if DFT fails completely in describing the qualitative trends that are observed in experiment. As shown in Sec. III B 1 pure DFT calculations could not reproduce the stability of experimentally observed densely packed monolayers of thiophene on Au͑111͒. By adding dispersion corrections to the adsorption of thiophene in a ͑ ͱ 3 aromates. Therefore the adsorption of thiophene in a ͑ ͱ 3 ϫ ͱ 3͒R30°overlayer structure was also calculated by modeling the Au substrate by a Au 6 cluster. MP2 calculation, as well as DFT and DFT-D, was employed. Figure 7 shows the comparison of the three methods. DFT leads only to a weak stable state ͑E ad = −0.02 eV͒ at a distance of 3.75 Å, whereas MP2 indicates a stronger adsorption ͑E ad = −0.18 eV͒ at a separation of 3.25 Å. By adding dispersion corrections to DFT the resulting potential energy curve is in good agreement with the potential energy curve obtained by MP2 calculations. This indicates that our parameters derived for flatlying adsorbed aromates are also transferable to other molecular orientations so that it can also be applied to the DFT description of self-assembled monolayers. 84, 85 A further example where DFT fails to describe the experimental observations is the adsorption of pyridine on Au͑111͒ at low coverage. Experiments report flat-lying molecules on the surfaces, whereas DFT calculation finds the vertically adsorbed pyridine to be more stable. Adding dispersion effects leads to adsorption energies of Ϫ0.71 eV for the flat configuration and Ϫ0.79 eV for the vertical configuration. Still, the vertical configuration is more stable, but the difference in the adsorption energies decreases to only 0.08 eV. In Sec. III A, we pointed out that DFT fails in describing the experimentally observed ordering of the highest occupied molecular orbitals as well as their relative energies. The influence of the electron lone pair at the N-atom is overestimated by DFT which might explain why the vertical configuration is erroneously favored.
IV. CONCLUSIONS
The adsorption of the simple aromatic molecules benzene, thiophene and pyridine on Au͑111͒ and Cu͑111͒ has been studied using periodic DFT calculations. A pure DFT-GGA approach leads to adsorption energies that are significantly underestimated compared to experimental results. Adding dispersion corrections within a DFT-D approach based on atomic properties causes an overbinding to the metal substrates. Good agreement between theory and experiment is achieved, for the adsorption of both isolated molecules as well as denser overlayer structures, when the dispersion corrections are based on a QM:QM hybrid approach. Thus this computationally inexpensive approach offers an Interaction energy between thiophene and an Au-6-0 cluster calculated with different methods ͓DFT-PBE ͑black boxes͒, DFT-D: hybrid ͑blue diamonds͒, and MP2 ͑green circles͔͒ and the effective core potential LANL2TZ for Au and the aug-cc-pVTZ basis set for S, C, and H-atoms.
FIG. 6. Contour plot of the charge density difference of the adsorption of ͑a͒ benzene, ͑b͒ pyridine, and ͑c͒ thiophene on Au͑111͒ at their corresponding equilibrium distance determined with DFT-D. The minimum and maximum charge density difference is given in e / Å 3 .
Step size of contours 0.005 e / Å 3 .
attractive alternative to very costly DFT calculations employing nonlocal van der Waals density functionals.
ACKNOWLEDGMENTS
We thank Christian Mosch for technical support. Furthermore, we thank Stefan Grimme for helpful discussions concerning the DFT-D approach, for sending us a manuscript prior to publication and for technical support in the evaluation of C 6 parameters.
